Objective: Although the remodeling technique provides the most dynamic valvesparing root replacement, a dilated annulus (>25 mm) is a risk factor for failure. Aortic annuloplasty aims to reduce the annulus diameter, thus increasing coaptation height to protect the repair. The results of 177 patients with remodeling and external aortic ring annuloplasty were studied.
Perspective
Standardization of the valve-sparing procedure through remodeling root repair with a calibrated expansible aortic ring annuloplasty and cusp effective height assessment should improve the reproducibility and rate of valve repair, even in severe AI. Because repair of bicuspid valves provides stable results similar to those of tricuspid valves, it may be offered for aneurysm with pliable bicuspid valves.
See Editorial Commentary page 1043.
Recent guidelines on the management of aortic diseases mentioned ''aortic annuloplasty'' as part of a class I indication: ''Aortic valve repair, using the reimplantation technique or the remodeling technique with aortic annuloplasty, is recommended in young patients with aortic root dilation and tricuspid aortic valves.'' 1 Although the remodeling technique provides physiologic cusp movement within the 3 reconstructed neo-sinuses, thus preserving root expansibility through the interleaflet triangles, an untreated dilated aortic annulus (>25-28 mm) has been identified as a risk factor for failure. [2] [3] [4] [5] [6] [7] [8] [9] [10] Furthermore, most failures with valve-sparing techniques are due to residual cusp prolapse as a primary unrecognized lesion or secondary to an induced prolapse after root reconstruction. 11, 12 As a result, the rate of valve repair remains low and is practiced on highly selected patients, except in a few expert centers. Although more than 80% of aortic root aneurysm surgeries are undertaken for dystrophic aortic insufficiency (AI) (with tricuspid, bicuspid, or unicuspid valve), a recent analysis of the Society of Thoracic Surgeons database revealed that only 14% of these patients receive a valve-sparing procedure. [13] [14] [15] This fact brings into question the reproducibility and lack of technical standardization associated with these current procedures.
To address these issues, a standardized aortic valve repair approach addressing both the aorta and the valve was developed, associating a physiologic reconstruction of the aortic root according to the remodeling technique, with cusp effective height resuspension and a subvalvular external aortic ring annuloplasty, which we analyzed in this study. 8, [16] [17] [18] [19] [20] 
MATERIALS AND METHODS Patient Population
This analysis focuses on all consecutive patients undergoing operation with the remodeling technique associated with an external aortic ring annuloplasty by Dr Lansac (or under his direct proctoring) in the successive centers where he worked, from May 2003 to November 2015, making this study the longest follow-up of the external aortic ring annuloplasty. Patient characteristics and 30-day outcomes are detailed in Table 1 
Surgical Technique
All patients underwent the standardized approach to aortic valvesparing root replacement to treat dilation of the aortic annulus (!25 mm) as measured intraoperatively with the Hegar dilator 14 ( Figure 1 ). Cusp geometric height was assessed to detect valve retraction, defined as less than 16 mm for tricuspid cusps and less than 20 mm for the nonfused cusp in bicuspid valves; these values are considered the cutoff for valve replacement. 22 After resecting the sinuses of Valsalva, an external dissection of the aortic root is performed down to the aortic annulus. Native aortic annulus diameter is measured with Hegar dilators because it is the sole criterion for selecting the sizes of the aortic ring and the graft used to remodel the aortic root (Gelweave Valsalva; Vascutek Ltd, Glasgow, UK) ( Table 2 ). The expansible aortic ring diameter (ExAo) is undersized by 1 size relative to the measured native annulus diameter: annulus 25 to 27 mm (ExAo 25 mm/Valsalva 26 mm); annulus 28 to 30 mm (ExAo 27/Valsalva 28); annulus 31 to 35 mm (ExAo 29/Valsalva 30); annulus greater than 36 mm (ExAo 31/Valsalva 32). Six ''U'' stitches are placed circumferentially from inside-out in the subvalvular plane, below the nadir of each cusp and at the base of each interleaflet triangle, except between the right and noncoronary sinuses, where the sixth stitch is placed externally on the atrium wall at the lowest level of dissection to avoid potential lesion to the bundle of His or membranous septum. The first step of valve repair, done before root reconstruction, consists of aligning the cusp free edges and correcting any excess free margin length through central plicating stitches or cusp resection. Remodeling of the aortic root is standardized by scalloping the Valsalva graft into 3 symmetrical neo-sinuses (placing the commissures at 120 in tricuspid valves) (Video 1) or 2 symmetrical neo-sinuses (placing the commissures at 180 in bicuspid valves) (Video 2). The heights of the scallops are cut equally up to the transition point between circumferential and axial folds of the graft, thus ensuring that the commissures are placed at the same level. The second step of cusp repair is performed after root reconstruction and consists of assessing cusp effective height with a dedicated cusp caliper (Fehling Instruments, Karlstein, Germany) to evaluate residual or induced cusp prolapse according to the principle of Sch€ afers and colleagues. 23 Plicating stitches are added on the free edge of the culprit leaflet until an effective height of 9 mm is achieved.
The 6 anchoring ''U'' stitches are passed around the expansible aortic ring, which is seated externally around the remodeled aortic root and tied in the subvalvular position. In earlier experience, the ring was homemade from a slice of a Dacron tube graft and used in 56 patients (31.6%). Since 2007, a calibrated expansible aortic ring (Extra-Aortic; CORONEO, Inc, Montreal, QC, Canada) has been used (121 patients, 68.4%). 19 Intraoperative transesophageal echocardiography was performed in all cases. Any residual AI greater than grade 1 mandated reexploration of the aortic valve. Postoperative anticoagulation consisted of aspirin (75 mg/d) administered for 2 months unless persistent atrial fibrillation presented, in which case oral anticoagulation was used. For all patients, clinical and echocardiographic data were collected and manually entered into the AVIATOR preoperatively and perioperatively, at discharge, and yearly thereafter through patient visits to cardiologists or surgeons or via direct contact with the patient.
Primary end points were all causes and valve-related mortality and reoperation at 30 days and follow-up periods. Secondary end points were the incidence of major adverse valve-related events (MAVRE), defined as valve-related deaths, permanent pacemaker, and valve-related morbidity (structural and nonstructural valve dysfunction, thromboembolic, hemorrhagic, or endocarditis events). 24 We also focused on analyses of bicuspid versus tricuspid valves and time periods, before and after 2007, corresponding to the introduction of the calibrated Extra-Aortic ring annuloplasty followed 1 year later by the systematic assessment of cusp effective height.
Statistical Methodology
Results were expressed as frequencies and percentages for qualitative data and as mean AE standard deviation or as median with its interquartile range (first quartile to third quartile) for continuous data. Paired t test was used to compare preoperative and postoperative values of the transvalvular aortic gradient. Freedom from reoperation, AI recurrence, and MAVRE were displayed graphically using Kaplan-Meier graphs, and the influence of key independent variables was assessed using the log-rank test. Univariate Cox models were used to estimate the hazard ratios (HRs) associated with preoperative and intraoperative independent variables and their influence on freedom from reoperation and AI recurrence. All tests were 2 sided. All computations were done using SPSS v13 statistical software (SPSS Inc, Chicago, Ill).
RESULTS

Early Outcomes
Thirty-day mortality was 2.9% (5). The causes of death were pulmonary embolism (1), mesenteric ischemia (2), multiorgan failure (1), and cardiogenic shock (1). None were valve related. There was no operative mortality in those with Marfan syndrome. Thromboembolic events occurred in 5 patients (2 transient ischemic attacks, 3 strokes).
Mean aortic annulus diameter was dilated (>25 mm) in all patients. Cusp repair was necessary in 68.9% of patients, performed mostly through central plicating stitches (Table 1) .
Six patients (3.4%) required second cardiopulmonary bypass run for residual AI grade 2 or greater because of residual prolapse. The valve could be repaired in 4 cases; 2 patients underwent valve replacement (Table 1 ).
An 18-year-old patient with Marfan syndrome developed proximal false aortic aneurysm induced by a tear from the pledgeted anchoring stitch of the aortic ring (nonstructural valve deterioration). Entry of the false aneurysm was closed from inside the left ventricular outflow tract 2 weeks after initial operation. The ring was in the correct position, and another U-stitch was placed to fix it. Another patient underwent early reoperation on the first postoperative day for ventricular fibrillation due to plication of the left main trunk, which was repositioned successfully under cardiopulmonary bypass. In both cases, no abnormalities of the ring or the repaired aortic valve were noted. Patients recovered uneventfully. Three patients (1 with bicuspid valve and 2 with tricuspid valves) required a permanent pacemaker for atrioventricular block within 30 days postoperatively (1.7%). Reoperation for bleeding or pericardial effusion was needed in 4 patients (2.3%) and for mediastinitis in 1 patient.
Late Outcomes
Follow-up was extensive with all patients being followed clinically and echocardiographically every 2 years in our center (respective C statistic of 0.74 and 0.78) and with their local cardiologist every year. 25 Cumulative patient followup was 599.28 patient-years (mean, 41.1 AE 36.4 months). Actuarial survival was 92.7% AE 2.2% at 7 years. There were 4 sudden deaths, 2 cardiac nonvalvular-related deaths, and 2 noncardiac deaths.
Freedom from valve-related reoperation, AI grade 3 or greater, AI grade 2 or greater, and MAVRE was 89.5%, 90.5%, 77.4%, and 86.6%, respectively, at 7 years. Eight patients underwent a valve-related reoperation for structural valve deterioration at a mean of 59 months postoperatively (25-125). All patients had a tricuspid valve and underwent operation with a Dacron ring before 2007. None of the patients with bicuspid aortic valves underwent reoperation during follow-up. At 7 years follow-up, freedom from thromboembolic events was 98.8%.
There were no differences between bicuspid and tricuspid valve outcomes (Figures 2 and 3) . Freedom from reoperation at 7 years for bicuspid valve was 100% versus 88.8% for tricuspid valves, 100% versus 89.6% for freedom from AI grade 3 or greater, 68.7% versus 81.6% for freedom from AI grade 2 or greater, and 98.2% versus 81.7% for freedom from MAVRE.
Period and Protector Factor Analysis
Since 2007, systematic use of a dedicated expansible ring annuloplasty (Extra-Aortic) followed 1 year later by systematic cusp effective height assessment was significantly associated with an increased 7-year freedom from valve-related reoperation, AI grade 3 or greater, and MA-VRE up to 99.1% AE 0.9% (P ¼ .017), 100% (P ¼ .026), and 96.3% AE 1.8% (P ¼ .035), respectively, whereas FIGURE 1. Standardized steps in remodeling of the aortic root associated with cusp effective height resuspension and external expansible subvalvular aortic ring annuloplasty: A, Five ''U'' stitches are circumferentially placed, inside out, in the subvalvular plane except at the level of the commissure between the noncoronary and right coronary sinuses where a sixth stitch is placed externally to avoid damage to the membranous septum. Remodeling of the aortic root is then performed by scalloping a bulged graft. B, Measure of cusp effective height with the caliper. C, The anchoring ''U'' stitches are passed through the inner aspect of the prosthetic aortic ring and tied down externally in the subvalvular position.
freedom from AI grade 2 or greater remained unaffected (78.1% AE 7.6%).
Since 2007, the systematic use of calibrated expansible aortic ring annuloplasty (Extra-Aortic) was significantly protective from recurrence of AI grade 3 or greater (no AI grade !3 events, P ¼ .026), reoperation (HR, 0. The aortic ring significantly reduced the native aortic annulus diameter by À4.3 AE 3.9 mm (À15.2% AE 12.5%, P <.001), thus providing a satisfactory coaptation height of 8.4 AE 2.2 mm and a 10.2 AE 3.3 mm effective height. At the latest follow-up, the amount of annular reduction compared with its postoperative values was still preserved. The mean transvalvular gradient measured postoperatively was similar for bicuspid and tricuspid morphologies (7.2 AE 2.7 mm Hg and 6.8 AE 2.8 mm Hg, respectively) and remained stable over time.
Systolic/diastolic expansibility of the aortic annulus after expansible aortic annuloplasty was maintained postoperatively and at follow-up, 4.0% AE 8.3% and 4.1% AE 6.1%, respectively, when compared with the preoperative value of native annulus (3.5% AE 9.6%). Expansibility of the sinuses of Valsalva was preserved, 3.8% AE 14% postoperatively and 2.1% AE 5.3% at last follow-up, respectively, for a native expansibility of 1.5% AE 11.9%.
DISCUSSION
Although the remodeling technique provides the most physiologic valve-sparing root replacement compared with the reimplantation technique, a dilated aortic annulus (>25 mm) is a risk factor for failure. [2] [3] [4] [5] [6] [7] [8] External aortic ring annuloplasty associated with the remodeling technique efficiently addresses this issue by reducing the dilated aortic annulus (À5 mm), which increases the coaptation height, thus protecting the repair while sustaining valve stability at 7 years. 16, 18 These results are consistent with recent publications showing that the reimplantation technique provides more significant and durable annular reduction than subcommissural annular stiches, thus corroborating that the proximal suture of a reimplantation technique not only stabilizes the aortic annulus but also performs an aortic annuloplasty. [26] [27] [28] Furthermore, this study emphasizes that a calibrated expansible aortic ring annuloplasty (ie, downsizing annuloplasty as described in ''Materials and Methods'') is significantly protective from reoperation, recurrent AI grade 3 or greater, and MAVRE when compared with a homemade Dacron ring, as was used in our early experience. It is tightly bound with the protective effect of cusp effective height assessment when compared with subjective eye balling repair, as previously published in a multicentric series. 18 Likewise, Sch€ afers and colleagues 6 showed that addition of a circumferential annuloplasty to the cusp effective height resuspension induced a trend to reduction of the risk of reoperation in bicuspid isolated aortic valve repair and significantly reduced the incidence of residual AI in combination with a remodeling root repair. 5 Aside from numerous in vivo and in vitro studies showing more physiologic movements of the valve after remodeling of the aortic root relative to reimplantation of the aortic valve, our choice to combine ''remodeling þ ring'' over reimplantation also is related to standardization. 8, [16] [17] [18] The remodeling root reconstruction performed in this study with the Valsalva graft places the commissure at the same level and symmetrically at 120 for a tricuspid valve and 180 for a bicuspid valve. Effective height resuspension using Sch€ afers' caliper is then performed allowing correct placement of the caliper at the nadir of the cusp on an unconstrained aortic annulus. The external ring annuloplasty is performed at the end of the procedure, contrary to the reimplantation technique that starts the procedure with the annuloplasty through the proximal suture line, making valve assessment more challenging because the valve is constrained by the graft.
This study confirms our previous findings 19 that systolic expansibility is maintained both postoperatively and during follow-up with the expansible aortic ring annuloplasty (Extra-Aortic), which may improve valve repair durability, as also described recently by Basmadjian and colleagues. 29 No patients with bicuspid valves required reoperation, with satisfactory results maintained over time comparable to tricuspid valves.
Of note, the preoperative degree of AI was identified as a risk factor for postoperative AI grade 2 or greater, but not for AI grade 3 or greater or reoperation (Table 3) . Metaanalysis of residual or recurrent AI is difficult to carry out because some authors report AI on a scale of 3 graduations (mild, moderate, severe), and others report on a scale of 4 grades (1-4). The major drawback of reporting with only 3 grades is the invisibility of ''mild-to-moderate'' AI (equivalent to AI grade 2), which are included in the ''mild'' group. 30, 31 Patients with AI grade 2 should be followed up and analyzed on a larger scale to determine which criterion will lead to increased AI (to grade !3) and to reoperation. Furthermore, as recently mentioned in a systematic review of valve-sparing root replacement series, report of valve-related events is heterogeneous, emphasizing the need for uniform standardized reporting of aortic valve-sparing and repair procedures and their outcomes. 21 To encourage collaboration between centers in their reporting of aortic valve-sparing and repair procedures, the Heart Valve Society initiated the multicenter, prospective AVIA-TOR, which is open to all centers willing to participate (AorticValve repair InternATiOnal Registry, E-mail: aviator@heartvalvesociety.org). 21 
Study Limitations
This is an observational uncontrolled study. The low number of events during follow-up limited further statistical analysis. Both the Extra-Aortic annuloplasty ring and the cusp effective height assessment have been found to be protective factors of AI recurrence. Because the time interval separating the implementation of the 2 techniques is less than 1 year, it would have been interesting to assess whether those patients undergoing operation during this time interval would have had similar results as those managed by both techniques. However, there have been few events or recurrences in this subset of patients, so any meaningful statistical analysis is impossible. From the clinical standpoint, the combination of the 2 techniques into a standardized approach is currently routine in our practice and yielding reproducibly sustainable 7-year results. Moreover, learning curve and operator experience may have a confounding influence on results of patients undergoing operation in the early experience. Longer follow-up of a larger cohort is required to understand whether our adopted paradigm translates into longer valve durability and improved clinical results.
CONCLUSIONS
The standardization of remodeling root repair with calibrated expansible aortic ring annuloplasty and cusp effective height resuspension significantly improves valve repair outcomes at 7 years. Because repair of bicuspid valves provides stable results, similar to tricuspid valves, it may be primarily proposed to treat root aneurysms with pliable bicuspid valves. As was the case for mitral repair, standardization through a calibrated annuloplasty may increase the rate of aortic valve repair for both tricuspid and bicuspid valves, even in patients with severe AI. Multicentric, longer follow-up is ongoing with the AVIATOR.
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